Thermodynamic design of Brayton cryocooler is presented as part of an ongoing governmental project in Korea, aiming at 1 km HTS power cable in the transmission grid. The refrigeration requirement is 10 kW for continuously sub-cooling liquid nitrogen from 72 K to 65 K. An ideal Brayton cycle for this application is first investigated to examine the fundamental features. Then a practical cycle for a Brayton cryocooler is designed, taking into account the performance of compressor, expander, and heat exchangers. Commercial software (Aspen HYSYS) is used for simulating the refrigeration cycle with real fluid properties of refrigerant. Helium is selected as a refrigerant, as it is superior to neon in thermodynamic efficiency. The operating pressure and flow rate of refrigerant are decided with a constraint to avoid the freezing of liquid nitrogen.
INTRODUCTION
The Korean HTS cable project plans to construct and test a 1 km HTS cable within the next 2-3 years. In accordance with the development of HTS cable system, a largecapacity cryocooler for continuously cooling liquid nitrogen is immediately needed for closed-cycle refrigeration. The amount of thermal load is tentative until the detailed design of cable system is completed, but is estimated to be around 10 kW at 65 K for the transmission-class cable system in grid. As no commercial cryocoolers with this capacity are readily available, it is decided to design, construct, and test a Brayton cooler in Korea.
Over a decade, there have been several efforts to develop a few kW levels of Brayton coolers at liquid-nitrogen temperature for various applications. In 2007, Hirai et al. [1] developed a prototype of Brayton cooler (2 kW at 70 K) with a small turbo-expander for HTS power machines. They used neon gas as refrigerant because of their preference in using small turbo-expanders. Lately, Yoshida et al. [2] presented a new design for 2.5 kW at 65 K with improved thermodynamic performance. Earlier than these works, Saji et al. [3] designed an oil-free turbo-type of refrigerator with helium-neon mixture. It was reported that a compact refrigeration system could be designed with 6 kW at 65 K for long 500 MVA cables. In 2008, Breedlove et al. [4] developed a turbo-Brayton cryocooler (1 kW at 95 K) for onboard air-separation in large aircraft.
For the ongoing HTS power cable project in Long Island Power Authority (LIPA) grid, Air Liquide designed a Brayton cryocooler with helium as refrigerant for 12 kW at 65 K [5] , and they lately started to design a modular refrigeration system based on Brayton cycle for 22 kW at 72 K [6] . For the HTS cable system produced by the Tokyo Electric Power Co. [7] , several units of Stirling cryocoolers with 0.8 kW at 67 K were employed for short-length tests. The KEPCO (Korea Electric Power Corporation) HTS cable systems [8] have been successfully operated with decompression-pump cooling units.
Recently in Korea, a pilot plant to liquefy bio-methane was designed and constructed based on a reverse-Brayton cycle [9, 10] under the New and Renewable Energy Program. The pilot system in the Metropolitan Seoul Landfill Site succeeded in producing 99% pure liquid methane at a rate of 4,000 liters per day. With this experience and for the upcoming need in long-length HTS cable system in Korea, this thermodynamic study presents the design data for 10 kW Brayton cryocooler. The design includes the selection of refrigerant and the determination of operating conditions, aiming at high efficiency and reliability.
COOLING REQUIREMENT
The objective of refrigeration is to continuously sub-cool a liquid-nitrogen (LN) flow from 72 K to 65 K at a rate of 10 kW. The mass flow rate of liquid nitrogen is therefore calculated as
where C LN is the specific heat of liquid nitrogen, and the subscripts i and e denote the inlet (72 K) and exit (65 K) of nitrogen heat exchanger, respectively, as schematically shown in FIGURE 1. From the combined energy and entropy balance, there exists an absolute minimum work for this refrigeration, which is the difference of flow availability (exergy) of liquid nitrogen between the inlet and exit [11] .
( ) min ln 33.8 kW
where T H is the ambient temperature (300 K in this study), at which heat is rejected by the cryocooler. The figure of merit (FOM) is a dimensionless thermodynamic parameter to evaluate the performance of refrigeration, defined as the ratio of minimum work to actual work. 
IDEAL BRAYTON CYCLE
Before the practical design, an ideal cycle is considered to examine the fundamental nature of Brayton refrigeration shown in FIGURE 1. A standard reverse-Brayton cycle is composed of two isentropic processes (compression and expansion) and two isobaric processes (heat exchangers). It is assumed that the refrigerant (helium or neon) is an ideal gas with constant specific heat.
As the inlet (i) and exit (e) temperatures of LN are given and T 3 is fixed at 300 K, there are seven unknowns to determine: pressure ratio (r P = P H /P L ), flow rate of refrigerant ( R m ), and refrigerant temperature at 1, 2, 4, 5, and 6. It is noted that only the pressure ratio is counted in the ideal cycle, because a different choice of P H and P L with same pressure ratio results in exactly the same cycle. The energy balance equations for regenerative heat exchanger (HX1) and LN heat exchanger (HX2) are
where C P is the specific heat at constant pressure of refrigerant. The isentropic relations for compressor and expander are
where k is the specific heat ratio of refrigerant, which is 1.667 for both helium and neon. The performance of heat exchanger is given as a value of effectiveness. For HX1
as the capacity rate is identical for two streams. For HX2, however, depending upon the relative magnitude of capacity rate of two streams, as demonstrated in FIGURE 2. In case I, the LN capacity is smaller, thus the temperature difference has its minimum at cold end (e and 5). In case II, on the contrary, the refrigerant capacity is smaller, thus the temperature difference has its minimum at the warm end (i and 6).
If the value of effectiveness is given for two heat exchangers, we have 7 unknowns and 6 equations in an ideal cycle, which means that only one variable is independent. We take the independent variable as the pressure ratio, r P , and then the system of equations can be solved for a complete cycle. A few points should be noted in FIGURE 3 . First, the selection of refrigerant from helium and neon does not affect the ideal Brayton cycle, since they have the same k value.
There exists a unique optimum for r P to maximize the FOM for any given ε, because a smaller value of r P results in more entropy generation due to large ΔT at warm end of HX2 (case I), a larger value of r P also results in more entropy generation due to large ΔT at cold end of HX2 (case II) and after-cooler. As ε increases, the corresponding optimum of r P decreases, and gets close to the balanced case (dashed curve). The maximum FOM of ideal (internally reversible) Brayton cycle is 93.6% for this application. 
PRACTICAL CYCLE DESIGN
For a practical development of 10 kW Brayton cryocooler, the following assumptions are made in this cycle analysis and design. ① The adiabatic efficiency of compressor and expander is 75%. ② The exit temperature of after-cooler is 300 K. ③ The minimum temperature difference between the warm and cold streams is 5 K for HX1 and 1.5 K for HX2. ④ The pressure drop in each stream is 50 kPa for HX1 and 20 kPa for HX2 and aftercooler. ⑤ In case of two-stage compression, the intermediate pressure is determined to minimize the total compressor work. ⑥ The heat leak from ambient is negligible.
It is noted in ③ that HX1 is highly effective (97~98%) for efficient regeneration, but HX2 is reasonably effective (82~85%) for compactness of LN cooling. Since the temperature difference and pressure drop are complicatedly coupled to each other, the values in ③ and ④ may be modified iteratively with detailed specifications of heat exchangers. The minimum temperature point (so-called the pinch point) may be the warm end, the cold end, or in the middle of heat exchanger, depending on the flow rate and operating pressure. In order to incorporate the real gas properties of helium or neon, and solve the systems of equations simultaneously, a commercial process simulator Aspen HYSYS (Version 7.1) is used in this study.
There are 12 unknowns in this cycle analysis, including the flow rate of refrigerant and the temperature and pressure at 6 points except T 3 (given at 300 K). The total number of equations is 10, counting 2 for the energy balance of HX1 and HX2, 2 for the adiabatic efficiency of the compressor and expander, 2 for the temperature difference in HX1 and HX2, and 4 for the pressure drop of each stream in HX1, HX2, and after-cooler. It is followed that we have two independent variables in cycle design. For comparison with the ideal cycle, the main variable is taken as the pressure ratio at compressor (r P = P 2 /P 1 ), and the second variable is taken as the highest pressure (P H = P 2 ). FIGURE 4 is the plot of calculated FOM as a function of r P for various values of P H . The first issue is the selection of refrigerant from helium and neon. In FIGURE 4, the solid and dashed curves are the plots for helium and neon, respectively, and the maximum FOM points are again indicated by dots. The thermodynamic performance of two gases is almost the same at low P H , because both gases behave like an ideal gas. As P H increases, however, helium is more efficient than neon, due to the real-gas behavior (especially, the pressure-dependence of enthalpy). In addition, helium has a higher thermal conductivity and a smaller viscosity than neon over the temperature range. In order to reach a high FOM (over 20%), helium is selected as refrigerant, and the operating pressures are determined such that the pressure ratio should be around 2~3 and the high pressure should be greater than 1 MPa.
Within the range of operating pressure, the required flow rate of helium is 0.14~0.40 kg/s. This compression can be carried out with a single-stage volumetric (reciprocating or screw type) compressor or with two-stage centrifugal (turbo type) compressors. FIGURE 5 compares FOM with single-stage and two-stage compressions. In two-stage compression, an inter-cooler is located between two compressors and the intermediate pressure is determined to minimize the total compressor work. Due to the nature of multi-stage compression with inter-cooling, two-stage cooling is more efficient over entire range of r P . However, the merit of two-stage compression is small when r P is less than 2, but becomes notably greater as r P increases over 2. Even though the theoretical optimum of r P (indicated by dots) for two-stage compression is as large as 3.0~3.5 at P H = 1~2 MPa, the pressure ratio may be determined at 2.0~2.5 without any significant loss in FOM. Taking into consideration the heavy flow rate of refrigerant, two-stage compression with centrifugal compressors is more suitable under this system. In addition, the multi-stage compression allows us an option of directly using the output power from expander to cover one stage of compression with so-called a "compander."
Another factor considered in determining the operating pressure is the possibility of freezing of liquid nitrogen. Since the required T e of liquid nitrogen (65 K) is close to its freezing temperature (63. The wall temperature, T w , between e and 5 is estimated by a thermal resistance model, neglecting the wall-conduction resistance and fouling factors ( ) ( )
where h LN and h R are the convective heat transfer coefficient of liquid nitrogen and refrigerant, respectively. The detailed heat exchanger design is beyond the scope of this study, but a rough estimation for the coefficients is made for typical plate-fin exchanger in a similar process described in [9] . FIGURE 6 is again a similar FOM plot for helium as the refrigerant and with two-stage compression, including a curve of T w = 63 K. To make sure that liquid nitrogen should not be frozen in HX2, the operating condition is determined in left region of the curve. Under this constraint, the operating pressure is finally determined as r P = 2.5 and P H = 1.25 MPa, as indicated by a star in FIGURE 6. The complete thermodynamic properties of helium are listed in TABLE 1, and the corresponding temperature-entropy diagram is shown in FIGURE 7. The net power input is 157.9 kW, and the expected FOM is 21.4%. 
CONCLUSIONS
A systematic thermodynamic study on Brayton refrigeration cycle is performed as a preliminary step to develop 10 kW cryocooler for long-length HTS cable systems. In ideal cycle, helium and neon are equally efficient, but in practical cycle, helium is superior to neon, especially when the operating pressure is higher than 1 MPa. By taking into account the performance of the compressor, expander, and heat exchangers, the Brayton refrigeration cycle for sub-cooling liquid nitrogen is simulated with Aspen HYSYS and real fluid properties to calculate FOM (figure of merit). With a design constraint to avoid the freezing of liquid nitrogen, the operating conditions are determined, and a complete refrigeration cycle is proposed for immediate cryocooler development.
